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We present a new scheme of compact Rubidium cold-atom clock which performs the diffuse light
cooling, the microwave interrogation and the detection of the clock signal in a cylindrical microwave
cavity. The diffuse light is produced by the reflection of the laser light at the inner surface of the
microwave cavity. The pattern of injected laser beams is specially designed to make most of the
cold atoms accumulate in the center of the microwave cavity. The microwave interrogation of cold
atoms in the cavity leads to Ramsey fringes whose line-width is 24.5 Hz and the contrast of 95.6%
when the free evolution time is 20 ms. The frequency stability of 7.3×10−13τ−1/2 has been achieved
recently. The scheme of this physical package can largely reduce the complexity of the cold atom
clock, and increase the performance of the clock.
PACS numbers: 37.10.De, 42.50.Ct, 42.62.Fi, 06.20.-f
I. INTRODUCTION
Over the past 20 years, impressive progress of atomic
clocks has been achieved due to the applications of laser
and cold atom techniques. Laser pumped Rubidium
vapor cell clock has been demonstrated with the re-
placement of the lamp by a compact frequency-stabilized
laser [1]. Godone et al. developed a clock scheme called
pulsed optically-pumped (POP) in a vapor-cell which
uses a diode laser for the optical pumping and the Ram-
sey technique to interrogate atoms [2–4]. In this scheme,
the light shift can be greatly reduced.
With the development of cold atom technique, for
POP, the vapor-cell can be replaced by cold atoms with
less temperature sensitivity and much longer coherent
time which could improve the clocks performance. Mu¨ller
et al. have cooled and interrogated cesium atoms inside a
cylindrical stainless steel cavity where a Magneto-Optical
Trap (MOT) was applied [5]. However, its strong mag-
netic field will lead to the magnetization of stainless steel
for long term operation. Consequently, the performance
of the clock will be reduced. Besides, 6 windows on the
cavity required by MOT also affect the inner microwave
field mode.
A more attractive method to cool atoms for a POP
clock is diffuse light cooling [6–8]. Typically, diffuse light
is generated inside a sphere by diffuse multi-reflection of
injected lasers on the inner surface of the sphere. Diffuse
light cooling does not require fine adjustment of lasers
and can cool atoms efficiently around the zero or weak
magnetic fields. Thus this scheme is very robust. The
cesium atom clock named HORACE using the three di-
mensional (3D) isotropic light cooling configuration has
achieved a relative frequency stability of 2.2×10−13τ−1/2
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and 3 × 10−15 at the integrating time of 104 s [9, 10].
A better performance is expected in microgravity envi-
ronment which makes the HORACE a strong candidate
for onboard satellite clock. We have developed a similar
clock with rubidium atoms [11].
In this paper, we describe the development of a com-
pact cold atom clock based on diffuse light cooling in
a cylindrical microwave cavity. Different from the HO-
RACE which uses a spherical cavity, a cylindrical cavity
is used in our experiment both for diffuse light cooling
and microwave interrogation with cold atoms [12–14].
Furthermore, a technique to control the distribution of
cold atom cloud inside the cavity is applied, by this way,
more atoms can be accumulated at the center of the cav-
ity [14, 15].
This paper is organized as follows. Section II gives a
detailed description of the optical and physical package.
Section III describes the time sequence of the experiment
and discusses the frequency stability of the atomic clock.
Section IV evaluates the factors that affect the frequency
stability of the atomic clock. Section V concludes the
results and discusses its further applications.
II. THE CONFIGRATION OF THE RUBIDIUM
ATOM CLOCK
The physical package is shown in Fig. 1. The mi-
crowave cavity is made of oxygen-free copper and the
inner surface is coated with silver to increase the diffuse
reflectance at 780 nm (96.6%). Four holes with diame-
ter of 3 mm are centrosymmetric distributed in the un-
dersurface of the cavity for injecting lasers vertically to
the microwave cavity. Four multimode fibers are used to
transport the cooling, repumping and pumping lights to
the physical package [14]. The imbalance of the light in-
tensities of these four fibers is kept smaller than 0.25%.
For the stage of microwave interrogation, we use a mi-
2crowave coupling loop horizontally set in the middle of
the internal cylinder to pursue large uniform area of mi-
crowave field. The microwave cavity operates at the
TE011 mode with the quality factor about 11000. We
fix the microwave cavity in a vacuum chamber where the
vacuum maintains at about 3 × 10−8 Pa by ion pumps.
The magnetic coils producing the constant longitudinal
magnetic fields (12 mG) are intertwined around the vac-
uum chamber. The vacuum chamber and the magnetic
coils are covered by five-layer of magnetic shields which
can decrease the inside residual stray magnetic field to be
smaller than 1 nT. Besides, the first layer is surrounded
by the heating coils for the temperature control loop.
FIG. 1. The physical package of the atom clock. The cold
atoms are captured in the central region of the microwave
cavity and the density of the cold atoms is about 4 times larger
than the previous scheme of the old cooling structure [11].
Fig. 2 is the schematic of the light paths. Atoms are
cooled and manipulated in the center of the cavity [15]
with an extended-cavity diode laser (ECDL) as the source
of cooling light which is red detuned about 22.8 MHz to
the transition 52S1/2, |F = 2〉 → 52P3/2, |F ′ = 3〉 of 87Rb
D2 line and a second ECDL which is locked to the tran-
sition 52S1/2, |F = 1〉 → 52P3/2, |F ′ = 2〉 provides re-
pumping laser. In the stage of the quantum states prepa-
ration, a short pulse of pumping light tuned to the tran-
sition of 52S1/2, |F = 2〉 → 52P3/2, |F ′ = 1〉 is applied.
The probe laser emits from the third ECDL with the line-
width about 100 KHz whose intensity is stabilized (the
intensity fluctuation is detected by the PD2 in Fig. 2)
and frequency is shifted near resonant to the transition
52S1/2, |F = 2〉 → 52P3/2, |F ′ = 3〉. The diameter of the
probe beam is extended to 6 mm and collimated by two
lenses before injecting into the physical package. Since
the AOM is not an ideal optical switch and the residual
lights will decrease the signal to noise ratio (SNR) of the
clock signal and lead to light shift, four low vibration me-
chanical shutters are used for switching off the cooling,
pumping, repumping and probe beams.
FIG. 2. Schematic of the light paths. ECDL-extended-cavity
diode laser, QWP-quarter wave plate, HWP-half wave plate,
PBS-polarizing beam splitter, BS-beam splitter, LP-linear po-
larizer, FP- fibers for pumping light, FC-fibers for cooling
lights, PD1-photo detector for the detection of clock signals,
PD2-photo detector for the intensity stabilizing of the probe
light, MS-mechanical shutter.
III. THE TIME SEQUENCE OF THE CLOCK
OPERATION
Typically, the Allan deviation which is used to evaluate
the frequency stability of an atomic clock can be written
as [16]
σy(τ) =
1
π
∆ν
ν0
1
C
1
SNR
√
Tc
τ
, (1)
where C is the contrast of the Ramsey fringes, ∆ν is
the line-width of the Ramsey fringes and τ is the inte-
grating time. For the integrating sphere atom clock, the
free evolution time Tf for the microwave interrogation is
mainly limited by the free falling process due to the grav-
ity. Considering the size of the system, the maximum
free evolution time on earth is about 50 ms. Accord-
ing to the relationship of ∆ν ∼ 1/2Tf , longer Tf means
smaller ∆ν while the SNR and contrast of the Ramsey
fringes will decrease at the mean time. Thus we need
to optimize the parameters of the lasers and the time
sequence for operating the atom clock. As for the exper-
iment, to make sure the microwave pulse can realize the
largest inversion of the atomic number between the two
mF = 0 states of the ground states, the Rabi oscillation
of the cold atoms needs to be proceeded to find the suit-
able microwave power. Fig. 3 shows the Rabi oscillation
for the microwave pulse duration of 6 ms by scanning
the microwave power. The first peak in Fig. 3 corre-
sponds to Ωtm ≈ π/2, where Ω is the Rabi frequency
and tm = 3 ms.
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FIG. 3. The Rabi oscillation with the microwave pulse du-
ration of 6 ms. Considering the speed and collisions of the
cold atoms, the amplitude of the oscillation gets smaller with
increasing the power of microwave pulse.
Generally, as shown in Fig. 4, the time sequence of a
cold atom clock operation includes four stages: cooling
of atoms, optical pumping, microwave interrogation and
the detection of the clock signal. The 3D isotropic laser
cooling lasts 55 ms during which at least 2.4× 108 atoms
are cooled and accumulated in the central region of the
microwave cavity. After the first 0.5 ms optical pump-
ing pulse, atoms are pumped into the 52S1/2, |F = 1〉
state. Then two 3 ms microwave pulses separated by a
20 ms free evolution time are taken for the Ramsey in-
terrogation. After that, the population of the atoms at
52S1/2|F = 2,mF = 0〉 state is detected by using a probe
beam which is vertical and retroreflected set in the axis
of the cylinder cavity. The probe beam lasts 10.5 ms and
its intensity is 2.0 µW. There is a second 0.5 ms optical
pumping pulse in the detection window for recording the
probe laser intensity. The absorption of the cold atoms
is the difference between the two probe transmission sig-
nals recorded before and after the second pumping pulse.
FIG. 4. Time sequence of the atomic clock. The cycle time
Tc is 92 ms. The isotropic laser cooling stage Ti lasts 55 ms
and the free evolution time Tf is 20 ms.
Fig. 5 shows the Ramsey fringes with Tf = 20 ms and
30 ms, respectively. It is seen that the line-width of the
central fringe changes from 24.5 Hz to 15.9 Hz, and the
SNR decreases from about 400 to 260. This is a trade-off
between large SNR and narrow line-width.
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FIG. 5. Ramsey fringes with single measurement. (a) The
free evolution time Tf =20 ms, (b) Tf=30 ms, (c) shows the
central fringes of (a), (d) shows the central fringes of (b).
IV. THE PERFORMANCE OF THE ATOM
CLOCK AND THE NOISE ESTIMATION
The error signal to feedback the Local Oscillator (LO)
comes from the frequency-hopping detection of the clock
transition at the full width at half maximum (FWHM)
of the central fringe, and the LO which is the reference
source of the microwave frequency synthesizer chain is
locked to the central fringe. The relative frequency sta-
bility is measured by comparing the frequency output of
the LO with an H-maser. Recent result is shown in Fig. 6.
The frequency stability of 8.01 × 10−15 is reached after
integrating of 4000 s.
The main limitations for the short term frequency sta-
bility of the clock are the atomic shot noise, the intensity
and frequency fluctuations of the probe laser (AM and
PM), electronic noise and the local oscillator phase noise
(Dick effect). In each cycle, according to the absorption
signal, the number of cold atoms detected by the probe
light can be estimated with the equation given by [17]
N =
πr2
σ0
[
I0 − It
Is
+ (
4δ2
Γ2
+ 1) ln(
I0
It
)], (2)
Where r is the radius of the probe beam and δ is the
detuning from atomic resonance. I0 and It are the probe
light intensity before and after going through the physical
package, respectively. Γ is the natural line-width of the
transition. σ0 is the resonant cross-sectional area and Is
is the on-resonance saturation intensity. They obey the
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FIG. 6. Allan deviation of the cold atomic clock by comparing
with the H-maser.
following relationship [18]
σ0 =
hνΓ
2Is
, (3)
Is =
cε0h
2Γ2
16π2| ˆε · ~d|2
, (4)
Where ν is the frequency of the probe light, ε0 is the
free space permittivity, and h is the Plank constant. εˆ is
the unit polarization vector of the light field and ~d is the
atomic dipole moment. Substituting Eqs. (3) and (4) into
Eq. (2), we can get that the number of the cold atoms
detected in each cycle is about 4.7×107 and about 8.5% of
these atoms Na ≈ 4.0×106 experience the 0-0 transition.
So the corresponding atomic shot noise (σNa ∼ 1/
√
Na)
can be estimated as shown in Table I.
Because the process of the microwave interrogation is
not continuously and there is a “dead time” in each cy-
cle, the phase noises from LO and the frequency synthe-
sizer will degrade the performance of the atomic clock.
Here, the limit of Dick effect with the commercial os-
cillator is about 2.68 × 10−13 on the condition that
Sy(f) = 10
−29f2 + 1.3× 10−27f + 1.3× 10−26 . Table I
gives the noises budget of the cold atom clock.
TABLE I. The noise sources and its contribution to the short
term frequency stability.
Noise sources Uncertainty
Probe laser intensity noise 2.7× 10−13
Atomic shot noise 4.7× 10−13
Electronic noise 1.8× 10−13
Local oscillator phase noise 2.68× 10−13
Total 7.3× 10−13
Cavity pulling effect may be the main contribution to
the medium-long-term frequency stability, because it de-
pends on the fluctuations of cold atom number and the
cavity detuning from temperature fluctuation. In addi-
tion, the microwave power fluctuations are also trans-
ferred to the clock transition through cavity pulling [19].
The medium-long-term stability may be improved by de-
creasing the quality factor of the cavity and increasing
the temperature stability of the system.
V. CONCLUSION
We report a new scheme of compact cold atom clock
which integrates all the operation stages in a cylindri-
cal microwave cavity. The use of diffuse laser cooling
can simplify the structure and increase the reliability
of the system because of its insensitivity to the laser
polarization and alignment. The frequency stability of
7.3 × 10−13τ−1/2 , and 8.01 × 10−15 after integrating
4000 s are achieved. We believe that the frequency stabil-
ity will be further improved after resolving these technical
problems. Furthermore, its all-metal framework and bet-
ter frequency stability in the microgravity environment
make it an excellent option for space applications. In
addition, this scheme of physical package can also be op-
erated as a kind of high-efficiency pre-cooling equipment
for other physical experiments that need further steps of
cooling.
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